Optical modeling coupled to experiments show that a microscope operating in reflection mode allows imaging, through solutions or even a microfluidic cover, various kinds of nanoparticles, NPs, over a (reflecting) sensing surface, here a gold (Au) surface. Optical modeling suggests that this configuration enables the interferometric imaging of single NPs which can be characterized individually from local change in the surface reflectivity. The interferometric detection improves the optical limit of detection compared to classical configurations exploiting only the light scattered by the NPs. The method is then tested experimentally, to monitor in situ and in real time, the collision of single Brownian NPs, or optical nanoimpacts, with an Au-sensing surface. First, mimicking a microfluidic biosensor platform, the capture of 300 nm FeOx maghemite NPs from a convective flow by a surface-functionalized Au surface is dynamically monitored. Then, the adsorption or bouncing of individual dielectric (100 nm polystyrene) or metallic (40 and 60 nm silver) NPs is observed directly through the solution. The influence of the electrolyte on the ability of NPs to repetitively bounce or irreversibly adsorb onto the Au surface is evidenced. Exploiting such visualization mode of single-NP optical nanoimpacts is insightful for comprehending single-NP electrochemical studies relying on NP collision on an electrode (electrochemical nanoimpacts).
Introduction
Many sensors rely on a recognition event often due to the interaction of an analyte with a sensing surface; electrochemical sensors and electrodes are some of them. However, defects or domains of heterogeneous reactivity are often present on sensing surfaces impacting the overall sensor performances. As the sensors rely on a macroscopic measurement, such as a macroscopic current or potential response in the case of an electrode, it is crucial to be able to recognize spatially their heterogeneous activity, while the sensing reaction is operating. In this respect, different electrochemical strategies are proposed to map and quantify localized (electro)chemical activity of surfaces.
On one hand, the (electro)chemical activity of a surface can be mapped using scanning electrochemical probe microscopies (SEPMs) such as the scanning electrochemical microscopy which uses a micro/nanoelectrode to map the electrochemical activity of a surface [1] . More recently with the scanning electrochemical cell microscopy [2] , a nanodroplet is spread over a surface forming a micro/nanosized electrochemical cell. These methods allow probing and mapping heterogeneities of surface, regarding their electrochemical reactivity, with sub-100 nm resolution.
On the other hand, optical microscopies have opened alternative ways to image (electro)chemical and sensing processes. These microscopies combined to electrochemical processes, or equivalently surface recognition processes, which are able to quantify and map chemical surface transformations with sub-diffraction limit resolution and sub-molecular layer sensitivities. One of their advantages compared to SPEMs is their high-throughput imaging as a large surface area (> 50 × 50 µm 2 ) can be fully imaged and analyzed at the pace of a camera acquisition rate (up to kHz).
Apart from microscopies relying on spectroscopic identification, such as enhanced Raman spectroscopies (SERS or TERS), or on the use of a fluorescent tag, label-free techniques have been proposed. Among them, microscopies based on the change in surface plasmon resonance, SPR, are able to image the local change of refractive index associated, e.g., with a heterogeneous chemical transformation occurring at the upper sensing surface of a planar Au film. Such local chemistry or local refractive index change perturbs the surface plasmon wave propagating in the Au film when it is illuminated (from its lower side). This perturbation is detected as a local perturbation of the reflected beam and is collected by a camera. Popular in biochemical studies, SPR was also combined with electrochemistry, and more recently as a microscopy to image heterogeneous electrochemical currents at microstructured electrodes or the electrochemistry of single NPs [3] [4] [5] [6] [7] [8] .
The detection and study of single NPs in an electrochemical environment can also be reached by exploiting optical scattering properties. Under dark-field illumination, the change in the NP-localized SPR upon electrochemical activation has allowed imaging various electrochemical processes at the single-NP level in 2D [9] [10] [11] or 3D [12] [13] [14] , even though this method is often limited to > 40 nm plasmonic NPs.
Other optical strategies can be proposed to image heterogeneous electrochemical processes from local changes in refractive index. Quantifying the change in light reflectivity is an appealing one. Ellipsometry is largely employed in the characterization of optical properties in material science; for example, ellipsometric microscopy [15] allowed imaging local molecular electrochemical transformation of Au surfaces. Simpler and yet quantitative strategies consist in analyzing images collected by a standard microscope operating in the reflection mode. Indeed, our group showed that the analysis of the light reflected by a reflecting surface illuminated under normal incidence [16] [17] [18] , allowed quantifying and mapping heterogeneous electrochemical processes with sub-monolayer formation or deposition sensitivity. Particularly, we demonstrated the versatility of the strategy to the in situ imaging, using water-immersion objectives, of various electrode systems such as microfabricated Au-coated Si wafer [17] , the standard glass-shielded microelectrodes [16] , or various electrode materials, such as iron [18] , for operando corrosion studies. Herein, we propose to extend this simple and versatile reflectivity microscopy to the direct in situ imaging of individual NPs.
It is expected that such imaging relying on the change in light reflectivity of a sensing (reflecting) surface yields high sensitivity in terms of NP detection and imaging. Visualization of the NP light scattering in a reflection mode has several advantages compared to the most common visualization operated in transmission mode (as usually performed under classical dark-field illumination). As illustrated in Fig. 1a , when a NP is immobilized on a reflecting surface, here an Au-coated Si wafer, the light reflected by the surface may constructively interfere with the light back-scattered by the illuminated NP. Such reflection imaging microscopies exploit interferometric [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] detection principles. They yield enhanced NP visualization with sensitivities, which have outperformed dark-field observations in some configurations named iSCAT [21] [22] [23] , SP-IRIS [24] [25] [26] , BALM [28] [29] [30] , for, respectively, interferometric SCATtering microscopy, Single Particle Interferometric Reflectance Imaging Sensor, or Backside Absorbing Layer Microscopy. These methods have unprecedented sensitivities allowing the detection of down to 10 nm individual NP. Among them, the BALM technique is the only one exploiting such detection over a conductive surface (an ultrathin Au layer), which can be of interest for single-NP electrochemical studies [28] [29] [30] .
The present work shows that the simple reflectivity of a semi-infinite Au surface offers interesting performances for in situ single-NP visualization. For this purpose, we first establish an optical modeling of the operating principle. This extends the model proposed from the similar SP-IRIS technique [24] [25] [26] , however, adapted to the water-Au interface. It is exemplified for various NPs: absorbing iron oxide maghemite, FeOx, NPs, dielectric ones from polystyrene, PS, then metallic ones, such as Ag NPs. The model predicts that reflectivity imaging is particularly sensitive to the visualization of dielectric NPs with predicted detection limit for PS or Ag NPs down to 30 nm, competing with current dark-field imaging techniques.
We then confirm experimentally this potentiality by monitoring the adsorption from colloidal solution of 300 nm FeOx NPs, 100 nm PS or 40 and 60 nm Ag NPs on a reflecting Au surface. This is performed under two experimental conditions presented in Fig. 1 . The first example (Fig. 1b) shows how the technique can be employed to monitor the capture of individual magnetic FeOx nanobeads by a biosensor in a microfluidic environment [31] . The second example (PS and Ag NPs, Fig. 1c ) is more relevant to the electrochemical nanoimpact strategies used to detect, characterize and count individual NPs [32] [33] [34] . A question often considered in this emerging electroanalytical field concerns the dynamics of the NP motion associated to its electrochemical actuation at a detecting electrode. Herein, we propose to address this issue in the absence of electrochemical transformation, by optically monitoring the interaction of Ag or PS NPs at a non-polarized Au surface. More specifically, we present the influence of electrolyte on the ability of NPs to repetitively bounce or irreversibly adsorb onto the Au surface. Although not performed in an electrochemical environment, the results will be of interest in comprehending and developing useful physical insight into single-NP electrochemical studies.
Experimental
The detection of individual NPs freely moving in solution or adsorbed on an Au-coated Si wafer (Aldrich) was investigated in real time by light reflectivity microscopy. It was performed, as previously described [16] [17] [18] , with an in-house developed setup consisting of a standard microscope (Olympus) equipped with a water-immersion objective (Olympus LUMP-LFLN 40XW, 40 ×, NA 0.8), and a CCD camera (PhotonFocus MV-D1024E-160-CL). A light halogen source, filtered at 490 nm with an interference filter (spectral bandwidth of 20 nm), was used to illuminate, from the top solution and via the objective, the Au substrate. The reflected light, collected from the same objective, was sent to the CCD camera. Before experiments, the illumination incidence on the substrate surface to be imaged was adjusted with an accuracy of 0.01°, in the absence of solution, using an interference Mirau objective were then poured into the homemade cell for in situ observation. The images of the reflecting surface on the CCD camera were captured through a homeprogrammed Labview software. Each image is a stack of five snapshots, each integrated over 50 ms. Each image is then taken every 1.86 s. Image analysis was achieved using Matlab routines.
Results and Discussion

Theoretical Background
Principle of the Reflectivity Measurement
Consider an electromagnetic planar wave, characterized by an incident electric field E inc , propagating in an ambient medium A (of refractive index n A ) towards a reflecting substrate M (of complex refractive index ñ M = n M + i k M ). Upon reflection, the reflected planar wave is characterized by an electric field E ref whose properties are given by Fresnel laws. Particularly, the signal I(x,y) recorded at each pixel location, x, y, at a detector (a CCD camera) corresponds to the modulus of the reflected field, |E ref (x,y)| 2 . For normal incidence, the reflectance, R, which characterizes the amount of light reflected by the surface, is given from the Fresnel equation by, In its simplest form, the incident light flux is not evalusuccessive images or times, t, as long as the incident illumination is kept constant. Comparing the signal recorded at each pixel I(x,y,t) to that recorded on the first image I(x,y,t = 0) allows monitoring of the local relative variation in reflectivity, ∆R(x,y,t)/R, from, Under the λ = 490 nm blue light illumination used herein, an ideal reflecting Au substrate ( ñ M . = 1.1 + 1.83i) immersed in water (n A = 1.33) is expected to reflect toward the CCD camera 37% of the incident light, and our setup was shown to detect local variation of reflectivity down to ∆R/R = 0.002 [16] [17] [18] , meaning variation in collected signal down to 0.2%.
Nanoparticle Detection by Reflectance Imaging Microscopy
One prospect of the enhancement of small NP visualization (Fig. 1a) . It thus enables the detection of much smaller nanoobjects than under dark-field illumination, enabling the real time and operando inspection of NP with sensitivity similar to standard scanning electron microscope [28] .
The quantitative simulation of such interferometric farfield NP visualization has been proposed by Ünlü's group [24] [25] [26] . They modeled by boundary element methods, BEM, the SP-IRIS configuration where a NP is immobilized on a flat multilayer substrate, made of a thin SiO 2 dielectric layer onto a reflective Si semi-infinite substrate. The NP is imaged from the top, in a reflection mode in an air medium. This configuration applies straightforwardly to the present case, more pertinent for electroanalytical applications, where a NP immobilized onto a flat Au substrate is imaged, from a top solution, through a water-immersion objective.
The adapted optical model, precisely described in Ref. [24] [25] [26] , briefly consists of simulating the steady-state
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optical scattering of NPs on a reflecting substrate, by solving Maxwell's equations via discrete numerical methods. BEM is preferred as it considerably speeds up the calculation process because it only requires the meshing of the different NP-medium interfaces (and not the whole volume as in finite element methods such as COMSOL ® ). Moreover, a Matlab toolbox dedicated to the simulation of the scattered fields of nanoparticles on layered media is available online through the Magnetic Nanoparticle Boundary Element Method (MNPBEM) implementation [35] [36] [37] [38] [39] . It is implemented for a wide range of examples and codes for the SP-IRIS situation that are also available online [38] . Modification of the latter codes to account for our experimental configuration is straightforward. Mostly, the ambient medium is changed from air to water (n A = 1.33), the substrate is changed from layered SiO 2 /Si to Au (with refractive index obtained from literature [40] ).
Typically, the geometry of the system is first defined: a monochromatic (λ = 490 nm) incident plane wave E inc illuminates at normal incidence a NP of various materials (Ag, PS, Fe 3 O 4 ; refractive indexes, ñ NP , are, respectively, ñ Ag = 0.135 + 2.71i, n PS = 1.61 and ñ Fe 3 O 4 = 2.36 + 0.07i, based on literature data [40] ) immobilized on a semi-infinite Au substrate. In a first approach, the illumination was considered as a single plane wave. A more rigorous approach would consider the decomposition of the illumination source into different incoherent plane wave components with different incident angles. The overall image would then correspond to the superposition of the response of each of these individual components [24] .
In the simpler approach proposed here, the far-field image collected on the detector is obtained from the interference of the normal incidence reflected plane wave (E ref ) with the corresponding induced scattered field. The reflected field is obtained from the Fresnel formalism, as in Eq. (1). The MNPBEM toolbox is used to compute the far-field scattering E scat propagating along the whole microscope objective's (NA = 0.8) collection solid angle. Finally, the image at the detector I(x,y) is obtained from Eq. (3) by coherently adding both reflected and scattered contributions at each pixel position (x, y) of the image plane.
Simulated Images of Nanoparticles by Reflectance Imaging Microscopy
As detailed in Ünlü's work, the images of NPs by reflectance microscopy depend on the properties of the NP material versus that of the reflecting substrate, but also on the NP to substrate distance and on the defocus of the observation. Figure 2 presents the simulated optical responses of NP materials chosen here. The simulated reflectivity images of a 40 nm metallic Ag NP and a 100 nm dielectric PS NP are given, respectively, in Fig. 2a, b , while the reflectivity profile line of all materials (including the absorbing dielectric FeOx NP) for d NP ranging from 30 to 100 nm are presented in Fig. 2c -e. Over the Au-reflecting substrate, both PS and FeOx NPs are detected as negative contrast features, while the metallic NP appears as a bright contrast one. Actually, the detection and the contrast of NPs depend on the refractive index of the NP material with respect to that of the substrate. For example, the presence of Au NP would be undetected on the Au substrate. Similarly, by changing the Au-reflecting substrate to the SiO 2 -coated Si substrate employed in the SP-IRIS configuration, the NP contrasts become inverted: in SP-IRIS a metallic Ag NP (respectively, a dielectric PS NP) would appear as a negative (respectively, positive) feature.
In the case of the Au-reflecting substrate, illumination at λ = 490 nm allows the highest contrast, since it is the spectral region where Au is the least refractive (highest signal-to-noise ratio). Typically, the detection limit of ΔR/R > 0.002 suggests that 25 nm Ag NPs can be imaged individually at λ = 490 nm, while 100 nm Ag NPs would not be detected (ΔR/R = 0.0007) on an Au substrate illuminated at λ = 633 nm.
Experimental Illustrations of Reflectance Imaging Microscopy of Nanoparticles on Au Substrates
This section presents the ability of reflectance microscopy for analytical and electroanalytical case studies devoted to the imaging of the interaction of NPs with Au surfaces. Two experimental examples are presented, which display the monitoring of the individual NP behavior in colloidal solutions above an Au surface. Although no electrochemical actuation is performed here, the examples show the collision of individual NPs with surfaces. Such collisions are encountered in different analytical and electroanalytical situations. Irreversible adsorption of a target NP is generally sought in the design of nanobead-based microfluidic biosensors. The first explored example employs 300 nm magnetic maghemite nanobeads flowing through a microfluidic channel. NP collision and interaction with metallic surface are usually studied in the electrochemical nanoimpact strategy. The second example is illustrated here with either dielectric 100 nm PS NPs or 40 and 60 nm metallic Ag NPs.
Sensing Single Nanobead Attachment on an Au Sensor in a Microfluidic Environment
Commercial 300 nm carboxy-functionalized maghemite NPs were dissolved into a milli-Q water solution at a concentration of 10 8 NPs/mL. This solution was injected into a microfluidic channel constructed from an Ibidi sticky-slide ® of 5 × 0. the bottom surface of the channel, is functionalized by dipcoating with a thin layer of polyethyleneimine (ca. < 10 nm). This modified surface is denoted Au/PEI. At the natural pH of the milli-Q water, the Au/PEI presents a positive charge facing the flowing aqueous colloidal solution. This enables electrostatic interaction with the negatively charged NPs, and, therefore, the capture of the NPs. The sensor surface reflectivity is then monitored while circulating the colloidal solution at a low magnification, with a 10 × objective microscope. Images of the light reflected by the Au/PEI surface are taken from the top through the Ibidi slide cover and the colloidal solution. This allows probing the largest possible regions of the sensor, typically 1 mm 2 , which for example can evidence capture dynamics heterogeneities, but is at the detriment of the image resolution (1px is ca. 1 µm 2 ). Different features can be identified on these images (zoom in Fig. 3a'-c') . pointed by white arrows in Fig. 3b', c') . They can be differentiated from NPs moving downstream, identified as the linear segment trajectories caught during the 300-ms camera exposure. Although they are not in the focal plane of the observation, the camera can catch these moving NPs to the point of estimating their individual velocity, v x . The examples circled in Fig. 3b , c yield NPs with velocities v x = 250 and 950 µm/s. From such particle trajectory tracking, one is then able, as schematized in Fig. 3d , to estimate the altitude of the NP or, as discussed elsewhere, to probe, with a resolution dictated by the NP dimension, the fluid flow dynamics [41] . Here, assuming the NPs are submitted to a parabolic Poiseuille flow profile, one can infer the moving NPs altitude from the Au substrate and along the h = 800 µm channel height. The example velocities suggest that the NPs are localized between 12.5 and 48 µm from the sensor surface. Interestingly the visualization from the top and through the solution allows visualizing and detecting NPs present in solution, even though they are out of focus. These images also suggest, as proposed by the optical model, that FeOx NPs can readily be detected by reflectivity measurements. However, the low magnification cannot strictly be compared to the model as each NP is detected as an individual (1 pixel) spot of negative contrast (lesser reflectivity than the original Au/PEI substrate). In average, the different spots correspond to a ca. 2.2 ± 0.4% loss of reflectivity (1 + ΔR/R < 0.978 ± 0.004), which compares the reflectivity change predicted for 100 nm FeOx NPs in Fig. 2e (1 + ΔR/R = 0.975).
Such optical monitoring also provides further information in NP-based sensing applications [42] [43] [44] . The number of NPs captured by the sensor, for example within the selected zoomed region, can be counted over time through the dark spot detection on each image. It allows inspecting the NP capture dynamics. For efficient adsorption events (with probability close to 1), the capture is mass transfer limited and the NP capture frequency is expected to reflect the NP mass transfer properties. Here, large flow rates over large sensor length along the flow direction, l = 1 cm, compared to the channel height, h = 0.8 mm, are used. Under these conditions, the only target NPs that can be captured by the sensor are coming from a thin depletion layer adjacent to the sensor, as schematized in Fig. 3d . The thickness of this depletion layer, δ, within the microfluidic convective regime scales as the inverse of the third root of the flow rate, v; the higher the flow rate is, the thinner the δ:
The frequency of NP capture per cm 2 of sensor surface area, f surf , then relies on the flux of NPs reaching the sensor surface by diffusion within this diffusion layer δ. Newman
[45] computed this situation, which may also be computed from Comsol ® [46] . For large velocities, one obtains:
with D NP and C NP , the NP diffusion coefficient and concentration in the colloidal solution, respectively. For the 10 8 NP/ mL colloidal solution of 300 nm NPs of D NP = 1.6 µm 2 /s, the NP captured is then expected to increase linearly with time, with a slope equal to f surf . Figure 3e shows that the experimental number of NPs capture indeed follows such linear trend with a slope of 9.5 × 10 2 NP/cm 2 /s, in good agreement with the value of the mass transfer-limited flux density of 9 × 10 2 NP/cm 2 /s obtained from (6) . This particularly suggests that such imaging configuration allows not only probing the NPs concentration in the solution from their capture frequency, but also differentiating NPs freely moving in solution (out of focus) from adsorbed ones.
Visualizing Single Sub-100 nm Nanoparticle Immobilization on a Sensing Au Surface
Adsorption of NPs is also an important issue in the electrochemistry of individual NPs. Different authors [47] [48] [49] [50] demonstrated that when large dielectric insulating spheres (from 150 nm to µm) collide with an UME, they irreversibly adsorb onto it. This adsorption sufficiently blocks the mass transfer of a redox probe toward the UME so that each individual adsorption event can be monitored electrochemically from a step-like transient (decrease) in UME current. Fodsick et al. later confirmed this hypothesis from the simultaneous optical and electrochemical visualization of the irreversible adsorption of fluorescent-labelled microspheres [50] . The dynamics of PS NPs collision with an Au surface was imaged through a water-immersion objective (40 ×, NA 0.8) immersed directly in a colloidal solution of PS NPs, as schematized in Fig. 1c. Figure 4a presents 100 × 75 µm 2 ROIs of reflectivity images of the Au surface (separated by 350-s interval) after it was contacted with 5 mL of milli-Q water colloidal solution of 100 nm PS NPs. Clearly these images show diffraction-limited dark, less reflecting, features appearing on the Au surface over time (see arrows in zoomed 25 × 25 µm 2 ROIs in Fig. 4a') . The evolution of the reflected light variation along lines crossing two examples of NPs were extracted from images and compared in Fig. 4b to the predicted profiles. If the profile widths are consistent with diffraction-limited imaged nanoobjects, the reflectivity variations, ∆R/R, corresponding to the different NPs detected are within − 0.7 and − 1.4%, which based on the proposed model suggests the detection of NPs with equivalent size between 40 and
50 nm. This discrepancy is owing to the relative nature of the measurement and rather suggests that the Au substrate is more reflective than predicted: it would result in a higher background reflectance and of a lower relative reflectance change for the NPs.
The adsorption dynamic of individual NPs was also monitored. As shown in Fig. 4c for the variations of local reflectivity at selected point positions on the images, the adsorption of single NPs is instantaneous at the experimental acquisition rate (≤ 300 ms). Finally, the superlocalization of the centroid of the PS NPs along time suggests that the NPs are strongly bound to the Au surface and do not noticeably move during tens of seconds. The same conclusions are drawn for other NPs that keep adsorbing as time goes. In agreement with earlier reports for larger dielectric polymeric spheres, the collision of the PS NPs leads to irreversible adsorption events.
Metallic or electrochemically active NPs can also be detected from a current (or potential) transient recorded while they collide onto a polarized electrode. A variety of nanomaterials have been probed from such electrochemical nanoimpact strategy. From the variety of current-transient features or from the frequency of collision events, different NP-electrode collision scenarii were proposed: from irreversible adsorption to repetitive bouncing (or electrodesurface detachment) of NPs. The latter multiple-bites collision of a same NP on an electrode is easily inferred for the collision of catalytic Pt NPs [32] . The same conclusion was also inferred in the case of the irreversible transformation of NPs upon their collision to the UME, such as the oxidative electrodissolution of Ag NPs. The sub-ms resolution of single-NP current transients shows multiple timeseparated current spikes related to the multistep incomplete electrochemical dissolution of Ag NPs [51] . This was confirmed from Monte Carlo or multiphysic modeling of the NP Brownian motion during the electrochemical nanoimpact process suggesting indeed the possible escape of NPs after a short and incomplete charge transfer [52] [53] [54] . In principle, these situations may be differentiated optically. The optical monitoring, in 3D [11] [12] [13] [14] by holography or in 2D by SPR [7, 8, 55, 56] , of the reaction did not show such significant NP escape but rather that the NP stays close by (< 300 nm) to the electrode surface until its complete dissolution. On one hand, these experiments then suggest that if NPs are partially dissolved, allowing their desorption, they may not be evacuated in the solution, at least with the Brownian dynamics of a freely diffusing NP. On the other hand, the probability of NP escape from the electrode can be increased when the electrochemical cell dimension is reduced [57] . Indeed, by confining the NP into the end of a nanopipette, the probability of NP ejection from the electrode, imaged by fluorescence microscopy, increases as a result of the increasing importance of the electrostatic repulsion of the NP by the nanopipette walls. Although this points to the importance of electrostatic effects when decreasing the electrochemical cell volume, it may differ from the situation encountered in most electrochemical nanoimpacts studies.
To advocate for such phenomena, we have monitored the collision of individual Ag NPs with a Au surface in the absence of applied electrochemical potential, therefore, avoiding the complicated NPs dissolution leading to their optical disappearance. The dynamics of Ag NPs collision at a non-polarized Au surface was imaged through a waterimmersion objective (40 × , NA 0.8) immersed directly in the colloidal solution, as schematized in Fig. 1c .
The reflectivity of an Au surface in contact with a solution, made of 10µL of a 0.02 mg/mL 60 nm Ag NPs diluted in 5 mL milli-Q water (final Ag NP concentration C NP = 3.5 × 10 7 NP/mL) was imaged. Figure 5a presents successive frames of a selected 50 × 50 µm 2 ROI of the Au surface. As for FeOx and PS NPs, diffraction-limited dark features considered as NPs are observed on these frames. At the observation frequency, these features are now moving over successive frames and no irreversible adsorption of the NPs could be monitored. This is confirmed from Fig. 5b , which presents the average local reflectivity variation measured over even smaller ROI (1 × 1 µm 2 or 10 × 10 µm 2 ). Indeed, single or multiple individual reflectivity spikes are detected over the entire movie. These reflectivity spikes differ from the steps recorded for PS NPs and show that single or, at best, 2 NPs appear and disappear stochastically from these small ROIs. Similarly, Fig. 5c presents the counting of dark features appearing over time over a larger 125 × 100 µm 2 ROI of the Au substrate. Individual NPs also occasionally appear in this ROI, but the amount of NPs does not increase as is expected for irreversible adsorption processes (for FeOx NPs, see Fig. 3e ). These observations suggest that Ag NPs do not adsorb irreversibly on the Au surface and are rather exploring, by Brownian motion, large areas of the Au surface.
The maximum steady-state mass transfer-limited flux density of NPs per surface area reaching the ROI of surface area S = 1.3 × 10 −4 cm 2 can be approximated (For a disk of radius a UME the flux of diffusing NP is given by 4D NP C NP a with S = πa 2 yielding to a flux density f = 4 D NP C NP /π 1/2 S 1/2 = 2.25 D NP C NP /S 1/2 . For a square UME of side length l [12] , the flux is given by π/2 1/2 D NP C NP l and S = l 2 yielding to a flux density f = 2.22 D NP C NP /S 1/2 ) by f surf ≈ 2.2D NP C NP /S 1/2 with D NP = 8.3 µm 2 /s for 60 nm NPs. A density frequency of 5.6 × 10 2 NP/cm 2 /s, or equivalently a frequency of 0.07 NP/s would then be expected over the 100 × 125 µm 2 ROI. This suggests that over the ca. 100 s, one would be able to detect ca. 7 NPs, which is in agreement with the average number of NPs, ca. 2, constantly detected in Fig. 5c . Meanwhile, the successive frames in Fig. 5a suggest that the same NPs are counted several times even though not on the same position of the ROI. This agrees with the features of constrained Brownian motion generally observed when Brownian nanoobjects trajectories are analyzed close to walls. It also agrees with the multi-bites nanoimpacts or bouncing NPs postulated earlier [51] [52] [53] [54] . These multiple bouncing collisions can be detected optically here with Ag The bouncing of Ag NPs may seem at odds with earlier correlated optical observation of their dissolutive electrochemical nanoimpacts [7, 11, 55] . It is likely due to the repulsive interaction between the stabilized citrate-capped NPs and the Au surface. Indeed, their behavior is drastically altered when electrolyte is present in the solution. This can be performed, either by adding a 1 mL 20 mM NaCl solution to the 5 mL Ag NP milli-Q solution or by injecting aliquots of stock Ag NP solutions to a 10 mM NaCl solution. Figure 6 illustrates such experiment in which a first 5µL aliquot of 40 nm Ag NPs (final C NP = 6 10 7 NP/mL) is injected into a 5 mL NaCl 10 mM solution at t = 48 s, followed by the injection of a second 10µL aliquot of 60 nm Ag NPs (final C NP = 3.5 10 7 NP/mL) at t = 200 s. Figure 6a shows the images taken after injection and at the end of the experiment of a 100 × 75 µm 2 ROI showing the coverage of the Au surface by multiple dark features. A series of zoomed images of a 10 × 10 µm 2 ROI of the Au surface recorded during this experiment are also displayed for t = 74.4, 100.4, 148.8, 186 s, showing that these dark features are now fixed over the same location, suggesting their irreversible adsorption.
Some optical intensity profile lines of selected dark features also suggests that they correspond to diffraction-limited objects, supposedly NPs. From these profiles, it also seems that the optical reflectivity decreases for larger NP sizes. These observations, as those made in the absence of NaCl, suggest that Ag NPs can be detected by simple microscopic observation in a reflection mode, even though the loss of reflectivity is at odds with the optical prediction (gain in reflectivity) presented above.
Selected examples of the time evolution of the local reflectivity variation estimated over different 1 µm 2 ROIs are presented in Fig. 6b . This contrasts totally from the stochastic NP bouncing detected in the absence of NaCl. Indeed, reflectivity steps are now detected, suggesting the irreversible adsorption of the NPs in the presence of NaCl.
The same conclusion is drawn from the evolution of the number of dark features counted over the 100 × 75 µm 2 ROI of the Au surface ( them from the solution. This is conceptually analogous to the dissolutive electrochemical nanoimpact experiments, except that the NPs here are not dissolved, only irreversibly adsorbed, at the Au surface. One can then estimate this flux from the knowledge of the NP content in solution, C NP . It is anticipated that the NP mass transfer or frequency, f, is given by linear diffusion profile [43] , following Cottrell's law, then:
from which the number of NPs reaching the Au surface, n NP (t), is obtained by integration:
The two solid lines in Fig. 6c present the predicted variations from Eq. (8) for, respectively, the 40 nm (faster diffusing and more concentrated) and 60 nm NPs. The sum of these curves reproduces nicely the experimental variations. The fit of the experimental variations is obtained with C NP40 = 4.5 × 10 7 NP/mL and C NP60 = 3.4 × 10 7 NP/mL, which compares well with the respective expected values of 6 and 3.5 × 10 7 NP/mL. It then suggests that the increasing number of dark features adsorbing on the Au surface are nanoobjects present at the same concentration and moving analogously with the injected Ag NPs. We attribute these dark features to individual Ag NPs. It cannot be excluded that for the 40 nm NPs dimers or agglomerates are preferentially detected.
This demonstration of irreversible and quantitative (mass transfer limited) adsorption of Ag NPs on surfaces when they are in electrolytic solution (at least > 10 mM here) suggests that care should be taken when performing or interpreting electrochemical nanoimpacts. It is frequently assumed that NPs remain stable in electrolytic solutions. But dissolved salts can have many effects on the NPs and their local environment as modifying the pH, increasing the ionic strength, desorbing the NP capping agent, etc. The consequences on the NP behavior also depend on the NP size, the NP shape, the capping agents, or the chosen electrolyte. The NP stability is, therefore, difficult to predict and has to be investigated for new experimental conditions prior to nanoimpacts experiments upon the possibility of making mistakes in evaluating the NP size dispersion based on spike charges and/or the NP concentration based on the impact frequency. This is one of the reasons why nanoimpacts are more and more coupled to a second complementary analysis technique. The effect of electrolytic solution on NP aggregation was for example demonstrated from solution phase NP tracking [58, 59] . Here, we use the reflectance microscopy
to highlight the importance of surface adsorption effects. The introduction of NaCl, even at the 10 mM level seems to strongly affect the NP environment and its interaction with a surface, even in the absence of electrochemical polarization. By destabilizing the colloidal solution, the NPs tend to adsorb irreversibly on surfaces. This study shows that reflectance microscopy is an elegant way for further study in situ the effect of the chemical and physical (such as size, charge, or polarizability) nature of the ions of an electrolyte to destabilize colloidal NPs. For polymeric or biologic nanomaterials or nanoparticles coated by such constituents, the nature of each ionic component of an electrolyte is indeed known to alter (chaotropic effect) or promote (kosmotropic effect) hydrogen bonds networks yielding in, respectively, the destabilization or stabilization of their colloidal solutions. Similar studies could be envisioned under optical monitoring or electrochemical actuation. From the electrochemical nanoimpact prospect, it suggests that even if multiple bytes current transients have been previously detected electrochemically [51] [52] [53] , the adsorption strength is stronger than the suggested escape of the NP into the solution, at least over distances larger than > 300 nm.
Another possible reason should then be invoked to explain the multiple dissolutive bites observed electrochemically. The presence of oxide or pseudo-halide shell layer, or even its formation during the oxidative process, in the presence of residual halide ions, even at the sub-mM level, could impair the NP-electrode contact resistance and the overall electrodissolution process. The role of such oxide layer on Ag NP dissolution was recently demonstrated from single-NP optical birefringence visualization [60, 61] .
Moreover, the irreversible adsorption of NPs will apparently decrease the NP solution content especially in high surface-to-volume cell configurations: such as small volume pipetting or high dilution processes, or maybe in nanoelectrochemical cell. Similarly, the adsorption of NPs to the UME insulating walls [62] may also be a strong competing source of NP depletion, which can be taken into account by readjusting the frequency-C NP relationship. It may for example explain the often observed decrease of NP impact frequency over long acquisition times (as predicted by the establishment of a pseudo-linear diffusion regime expected over cylindrical UMEs [34] ).
Finally, Ag NPs are experimentally detected as dark features, which is at odds with the optical prediction. If some bright feature may be detected, the majority of features (> 95%) are darker. Such discrepancies can account for the selection of incorrect values of the Au substrate and/or solution and/or Ag NP refractive indexes in the model. Slight alterations of the Au and solution indexes could indeed change the amount of reflected light. However, pure Ag NPs should still appear as bright features. One possibility could rather be that Ag NPs are covered by a thin layer of oxide [60] (or AgCl) formed by their spontaneous oxidation in an O 2 -saturated NaCl solution. It is difficult to evaluate precisely the effect of such a layer; however, from mean field approximation theories (such as Maxwell-Garnett) a 2 nm coating of AgCl over a 40 nm core Ag NP may yield a strong enough change in the apparent refractive index of the NP and explain the dark feature on an Au surface.
Conclusion
Dielectric and metallic NPs can be visualized at the single-NP level by simple imaging of the light reflected by a reflecting surface. An optical BEM modeling, extending Ünlü's work, predict that both dielectric PS and metallic NPs can be individually visualized, without any label, by collecting the local reflectance change of an Au surface. The model shows that such reflectivity imaging provides an interferometric detection, allowing one to enhance the optical detection sensitivity. If 30 nm NPs should be theoretically detected, it is anticipated that other reflecting substrates could be used similarly without needing dark-field illumination conditions. The further advantage of this interferometric detection is that dielectric NPs can also be detected, as negative contrast (dark or less reflecting) features, which is a considerable advantage compared to microscopies relying on dark-field illumination.
A microscope operating in the reflection mode was used to image, through solution, or even microfluidic cover, the dynamics of NP capture on an Au-sensing surface. First, starting with large 300 nm FeOx magnetic nanobeads in a microfluidic environment, it is shown how such NPs are optically detected, at the single-NP level, and counted. The strategy can be used to analyze the convective adsorption of NPs onto a large sensing area. This may be of interest for monitoring in real time and in situ the dynamics of nanoentities capture in microfluidic biosensors.
It can also be used to monitor electrochemical processes occurring at single NPs. Even if no electrochemical activation was used in this work, the Au surface monitored optically could also be polarized in an electrochemical configuration. The present work shows that individual 100 nm PS NPs as well as 40 and 60 nm Ag NPs can be imaged through a water-immersion objective directly immersed between a colloidal solution and the Au surface, from their ability to alter the local reflectivity of an Au surface. If PS NPs appear as dark features, in agreement with the predicted model, Ag NPs are detected similarly, although they should be detected as bright features. This is attributed to the likely presence of Ag oxide or halide layer. The dynamic monitoring of the NPs behavior over the Au surface shows that PS NPs strongly and irreversibly adsorb to Au. The same observation is made for Ag NPs when prepared in an electrolytic solution (10 mM NaCl), while in the absence of electrolyte, the multiple bouncing of the NPs is evidenced. This confirms previous simultaneous opto-electrochemical studies, which were at odds with multiple bouncing suggested from high time resolution electrochemical nanoimpacts. Ag NPs, in the absence of polarization, stand for tens of seconds on the Au surface, without showing Brownian exploration of the solution after they have contacted the electrode. We propose that the presence or formation of poorly conducting Ag oxide or halide may also explain the multiple electrochemical bites behavior.
As a perspective of this work, reflectance microscopy is a simple yet powerful tool that has allowed monitoring electrochemical processes [15] [16] [17] [18] 63] . It does not require a transparent electrode unlike methods relying on darkfield illuminations, it is not restricted to Au electrodes, but to many reflecting surfaces [18] , and can be performed at standard glass-insulated microelectrodes [16] , or be coupled to local probing such as STM [63] . Based on these reported results, we expect that the technique could be applied to imaging the electrochemical reactivity of a wide range of NPs at the single entity level.
